Abstract: Indium tin oxide (ITO) transparent electrodes are troubled with high cost and poor mechanical stability. In this study, layer-by-layer (LBL)-processed thin films with single-walled carbon nanotubes (SWNTs) exhibited high transparency and electrical conductivity as a candidate for ITO replacement. The repetitive deposition of polycations and stabilized SWNTs with a negative surfactant exhibits sufficiently linear film growth and high optoelectronic performance to be used as transparent electrodes for vertically aligned (VA) liquid crystal display (LCD) cells. The LC molecules were uniformly aligned on the all of the prepared LBL electrodes. VA LCD cells with SWNT LBL electrodes exhibited voltage-transmittance (V-T) characteristics similar to those with the conventional ITO electrodes. Although the response speeds were slower than the LCD cell with the ITO electrode, as the SWNT layers increased, the display performance was closer to the LCD cells with conventional ITO electrode. This work demonstrated the good optoelectronic performance and alignment compatibility with LC molecules of the SWNT LBL assemblies, which are potential alternatives to ITO films as transparent electrodes for LCDs.
Introduction
Liquid crystal displays (LCDs) are extensively utilized in daily life for items such as notebook computers, smartphones, and portable televisions due to their lightweight, low power consumption, and good mobility. Up to the present day, many studies have revealed several LC modes of display to achieve high picture qualities, e.g., in-plane switching (IPS) [1] , pixel-patterned vertical alignment (VA) [2] , and fringe-field switching (FFS) [3] . In an LCD, LC molecules located between two electrodes are moved by the applied electric field to transmit light, thereby displaying information.
Because of the growing interest in display applications, many studies on transparent electrodes have been recently conducted, focusing on electron transport and high transparency. In previous studies, metal oxides have been investigated as transparent electrodes because they display low resistance and high transparency [4, 5] . Indium tin oxide (ITO) material has been commonly used for the last several decades as a transparent electrode thin film owing to its high visible transparency, excellent electrical conductivity, and availability of deposition on glass and plastic substrates. However, its high production cost and fragile characteristics limit its applicability for flexible electronic devices [6, 7] . Also, the total reflection at the glass/ITO interface and the low adhesion to organic substrates lower the display performance of LC devices containing ITO transparent electrodes [8, 9] . Many electrode materials, such as organic carbon nanotubes (CNTs) [10, 11] , metallic nanowires [12, 13] , metal thin films [14] , graphene [15, 16] , and conductive polymers [17, 18] , have been studied as alternatives to ITO.
The single-walled carbon nanotube (SWNT) with a few nanometer radius is an emerging and especially promising material as alternative transparent electrodes. Several approaches have been utilized to generate SWNT films such as transfer printing [19] , direct chemical vapor deposition (CVD) growth [20] , vacuum filtration [21] , and rod coating [22] . These SWNT thin films showed fairly high optical transmittance and good conducting properties which are similar to those of the conventional ITO-coated poly(ethylene terephthalate) (PET; 50-200 Ω resistance and~83% transmission at 550 nm) substrate [23] . However, these methods tend to exhibit some problems such as poor film surface, optoelectronic performance, high cost, and a complex process [24] . Transfer printing, one of the most-used thin film techniques, results in difficult large-area fabrication and relatively brittle SWNT thin films. Therefore, in this study, we focused on the transparent electrode properties of SWNT by the layer-by-layer (LBL) process. Compared with other CNT thin film methods, the LBL technique provides the precise control needed to make thin films with a few nanometer thickness.
LBL assembly is one of the wet coating methods that has been widely studied in last 20 years due to its simple process and high controllability under ambient conditions [25, 26] . This process can be used as a method of producing the thin films suitable for a variety of materials, which may include nanoparticles, nanotubes, nanowires, nanoplatelets, dyes, dendrimers, proteins, and viruses. The LBL process enables the production of homogeneous multifunctional multilayers with a controlled method. Moreover, it can be applied to a variety of substrates (e.g., glass and quartz slides, silicon wafers, and polymeric films) to evaluate the performance of electrical conductivity [27, 28] , sensing [29, 30] , and energy harvesting [31] .
In this study, VA LCD devices with a polyimide (PI) alignment layer on SWNTs and poly (diallyldimethylammonium chloride) (PDDA) layer-by-layer electrodes were fabricated and characterized to evaluate their potential for transparent organic electrode materials in an LC display. Firstly, PDDA was used as the positively charged polyelectrolyte in conjunction with a negatively charged surfactant to deposit SWNTs onto a PDDA layer. The alternate dipping in positively and negatively charged solutions resulted in SWNT/polymer thin film deposition onto the substrate. The LC test devices were fabricated by filling the LCs into the inner parts of the PI layer by spin coating, and their device structures have been reported in the literature [32, 33] . The electro-optical (E-O) properties of the prepared VA LCD devices containing the LBL transparent electrodes were examined and compared to those of LCD devices with conventional ITO electrodes.
Materials and Methods

Materials
Purified electric arc SWNTs (TUBALL™ SWNT, individual tube: average 1 µm length and 2 nm diameter, C > 75%) were used in this study. PDDA (M w~2 00,000-350,000 g/mol), sodium deoxycholate (DOC, C 24 H 39 NaO 4 ), isopropyl alcohol (IPA), and methanol were purchased from Sigma-Aldrich (Yongin, Korea). Nematic LCs (∆n = 0.095, ∆ε = −3.1), PI (AL607XX, JSR, Tokyo, Japan), ITO glass (SNT 15Ω, FINE CHEMICAL, Seoul, Korea), UV-curable sealant (SD-2X, Sekisui Chemical, Tokyo, Japan), and ball spacers with a diameter of 3.25 µm (SP-205XX, Sekisui Chemical, Tokyo, Japan) were used to fabricate the LCD. All chemicals were used as received. Slide glasses, PET films (100 µm thickness, Goodfellow, Huntingdon, England), and quartz crystals with 5 MHz gold-electrodes (Maxtek, Inficon Korea, Seongnam, Korea) were purchased for analysis of UV-Visible (UV-Vis) light absorbance, field emission scanning electron microscopy (FE-SEM), and mass, respectively.
Fabrication of LCD Cells Using SWNT LBL Transparent Electrodes
Both positively and negatively charged aqueous solutions were obtained by using 18.2 MΩ deionized (DI) water (YL aquaMAX Ultra 370, YL Instrument, Anyang, Korea). A PDDA solution with a concentration of 0.25 wt. % as a cationic solution was prepared. An SWNT dispersion (0.05 wt. %) treated by 1.5 wt. % DOC in DI water (SWNT-DOC dispersion) was prepared as a negatively charged solution. The large SWNT bundles in the SWNT-DOC dispersion were removed by tip ultrasonication (HD-1070, Sonopuls, Berlin, Germany) for 45 min. Then, each surface of the slide glasses was cleaned by a plasma treatment (PDC 32G-2, Harrick Plasma, Ithaca, NY, USA) for 10 min. The PET films were cleaned with IPA, methanol, and DI water, dried thoroughly with clean air, and then also treated by the plasma etcher for 5 min. For LBL deposition, PET films and glass slides were alternately dipped into PDDA and SWNT-DOC solutions with rinsing and drying, beginning with the PDDA. Each deposition cycle resulted in one bilayer (BL) on the substrate. For the cyclic deposition, the PDDA and SWNT-DOC layers were formed by 5 min of dipping for each, followed by rinsing and drying. The schematic representation of the LBL thin film process is shown in Figure 1a The overall process for manufacturing the LCD using the transparent SWNT-based electrode fabricated by the LBL method is shown in Figure 1b . PI was uniformly coated on the LBL film at 3500 rpm for 30 s to form alignment layers. These PI layers on the LBL film were imidized at 230 • C for 30 min. The LBL-LCD cell was manufactured by coupling the two LBL substrates. The cell gap of the LBL-LCD device was formed by using 3.25-µm ball spacers. The ball spacers were dispersed in an ethanol solution and then sprayed on the PI-coated LBL electrode. An empty cell for LC injection was prepared by applying the UV-curable sealant on the PI-coated substrate and then attaching the upper and lower substrates together. The sealant was cured by exposure to UV radiation of 3.0 J·cm −2 (WUV-L50, DAIHAN, Seoul, Korea). After the empty LBL-LCD cell was filled with nematic LCs at 60 • C using capillary force, the inlet and outlet areas were sealed using the UV-curable sealant. The manufactured LBL-LCD cell was thermally treated for 1 h at 100 • C. The LC alignment was examined by a polarized optical microscope (POM; BX51, OLYMPUS, Tokyo, Japan) with a crossed polarizer. To evaluate the E-O characteristics, the voltage-transmittance (V-T) curve and on/off response time of the LCD cell were investigated. Further, to investigate the E-O properties according to the number of bilayers, the PI layer was spin coated on 2, 6, and 10 BLs electrodes to fabricate LCD cells with different configurations. Figure 2 shows the image of 2-10 BLs SWNT LBL thin films deposited on the glass substrates, the SEM surface image of these PDDA/SWNT LBL assemblies on the PET substrate, and a photograph of the prepared LC cell using an SWNT LBL electrode. The growth of SWNT deposition was observed as the increase in the number of BLs deposited and was confirmed using QCM mass and UV-Vis absorbance measurements, as shown in Figure 3 . In a SEM image of Figure 2b , the LBL thin film with 10 BLs exhibits a good distribution of SWNTs owing to the exfoliation of individual SWNTs in water by DOC [27, 28] . The dispersion of SWNTs provides the contacts within the nanotube network, indicating a transport route of electrons through the film. Also, SWNT LBL deposition was quite uniform. SWNT-DOCs are uniformly deposited onto the PDDA layer and the following PDDA deposits are thick enough to lead to the smooth surface of thin film. Figure 3 shows the absorbance spectra of the SWNT LBL thin films from 1 to 10 BLs at wavelengths between 450 and 800 nm and the mass growth curve of the LBL thin films corresponding to the number of bilayers deposited. Because the absorbance of UV-Vis light increases in proportion to the thickness of thin films, Figure 3a exhibits the almost linear growth of LBL multilayers (i.e., PDDA and SWNT-DOC BLs) up to 10 BLs. Moreover, the Table 1 shows that the transparency decreases with increasing BLs in the visible light wavelength, suggesting that the SWNT is coated proportionally as BLs are deposited. As the number of BLs increases, the electrical conductivity decreases because the amount of SWNTs coated on the glass slide increases proportionally. Similar to the UV-Vis absorbance, the mass of [PDDA/(SWNT-DOC)] n measured by QCM in Figure 3b shows a quite linear increase with the number of BLs, suggesting constant deposition up to 10 BLs. Figure 4 is a graph showing the optoelectronic relationship of the LBL thin films by showing electric resistance as a function of optical transparency. Both resistance and transparency decreased as the number of BLs increased. In the previous studies, the thicker SWNT films showed the higher conductivity due to a more three-dimensional SWNT network [27, 28] . For the reason of more efficient electron transport, the resistance of LBL electrodes decreases according to the number of BLs. The amount of SWNTs coated on the substrate increases along with the number of BLs, so the optical transparency decreases. The electrical and optical properties of some SWNT LBL electrodes used for LCD cells are also summarized and compared with ITO in Table 1 . Despite the relatively low resistance of 1 kΩ at high BLs, it should be even lower for a reasonable ITO replacement. The POM photographs of the VA LCDs with the crossed polarizer set in two orientations with respect to the LCD cells are shown in Figure 5 . Figure 5a exhibits the image of the LCD cell with the polarizer in the same direction as the cell. The LCD cell using the LBL electrode exhibited almost the same image as the LCD cell using the ITO substrate. However, as the number of BLs increased, the LCD cell showed a very fine texture. The LCD cell using the 2 BL SWNT electrode showed no heterogeneity, and the LCD cell using the 10 BL electrode showed a fine texture, probably due to impurities incorporated in the LBL process. Figure 5b shows the image of the LCD cell under cross polarization. The LCD cell using the LBL electrode exhibited a nearly uniform black image, similar to that exhibited by the cell using the ITO substrate. Moreover, the slight heterogeneity in polarizers in the same direction was not observed at all in the black images. Under cross polarization, the VA LCD cells with LBL electrodes showed lower transmittances than the cell with ITO electrodes. While VA LCD cells with ITO showed a transmittance of 0.084 (100%), VA LCD cells with LBL electrodes exhibited 0.077 (91.7%), 0.059 (70.2%), and 0.043 (51.2%) for 2 BL, 6 BL, and 10 BL, respectively. These results indicated the creation of uniform homeotropic LC alignment on the LBL thin film electrode; the number of BLs did not disturb the vertical alignment of the nematic LCs in the device. In addition, typical conoscopic images of the VA LCDs are shown in the insets of Figure 5 [34, 35] . The conoscopic images showed a distinct Maltese cross, which indicates the vertical alignment of the LC molecules.
Results and Discussion
To confirm the effect of the number of BLs, we measured the V-T characteristics and response time properties of the newly manufactured LCDs, which represented their E-O properties. The voltage-dependent optical transmittance of the VA LCDs is shown in Figure 6 . The shapes of the V-T curves of VA LCD cells using the SWNT LBL electrodes in the transmittance range of 10%-90% were similar to those of conventional VA LCD cells using the ITO electrode. In the V-T curves, threshold voltages at a transmittance of 10% were 3.34, 2.38, 2.34, and 2.23 V for cells with the 2-BL, 6-BL, 10-BL, and ITO electrodes, respectively. It is noteworthy that the threshold voltage of the VA LCD cells containing the LBL electrode was higher than that of the LC device with the conventional ITO electrode. This means that the LC molecules form a stable vertical alignment similar to that using the ITO electrode. However, the 2-BL electrode showed the highest threshold voltage of 3.34 V.
This result suggests that the high resistance due to the small SWNT layers causes the LC molecules to drive at a high voltage. As the number of BLs increased, the electrical resistance decreased, and the threshold voltage tended towards values closer to that of the LCD cell using the conventional ITO electrode. Particularly noteworthy is the fact that the driving voltage of LCD cells with 6 BLs or 10 BLs is lower than that of LCD cells with ITO electrodes. While the LC device with ITO showed a white state at 2.8 V, the LCD containing 6 BLs or 10 BLs exhibited an on-state at 2.4 V. As a result, it was confirmed that there is no problem in driving the LC device with 6 BLs or more SWNT layers. We confirmed the switching drive of the LCDs by measuring the response time of the newly manufactured LCD cell. The response time characteristics were confirmed by measuring the transmittance caused by the alignment change of the LC molecules by applying a square wave of 120 Hz to the LCD cell using a waveform generator. Figure 7a exhibits the rising time curves of the LCDs fabricated with the ITO and SWNT LBL electrodes, and Figure 7b shows their falling time curves. The LCD cell using the LBL electrode could be switched on or off by applying voltage, similar to the cell using the conventional ITO substrate. However, due to the high electrical resistance of the LBL thin film, a time delay occurred until the square wave was actually applied. Due to this time delay, the response characteristics of the LCD cell using the LBL electrode was slower than that of the LC device with the conventional ITO electrode. The VA LCD cells manufactured using the conventional ITO electrode had a rising time of 22 ms and a falling time of 15 ms. The VA LCD cell using the 10-BL electrode had on and off times of 100 ms and 106 ms, respectively, because it had the lowest electrical resistance among the LBL electrodes. The VA LCD cell using the 6-BL electrode had rising and fall times of 139 ms and 152 ms, respectively. The fabricated VA LCD cell using the 2-BL electrode had a 201 ms on time and a 209 ms off time. Thus, it was confirmed that the response time of the prepared LC device using the LBL electrode was slower than that using the conventional ITO electrode, but the response time became closer to that of the ITO electrode as the number of BLs increased. 
Conclusions
In this study, transparent electrodes for LCDs were fabricated with SWNT thin films by the LBL method to replace conventional ITO electrodes. SWNT LBL films with lower than 1.3 kΩ of electrical resistance and greater than 85% of optical transparency were fabricated by repetitive immersion of the substrate into positively and negatively charged polyelectrolyte solutions. The nematic LCs were uniformly aligned by spin coating a VA PI film on the prepared LBL electrode. The POM images of the VA LCD cell using the LBL electrode confirmed that the LC molecules were uniformly aligned. Moreover, the number of bilayers did not influence the homeotropic alignment of the nematic LC materials. Also, LCD cells using the proposed electrode exhibited V-T characteristics similar to that of VA LCD cells using the conventional ITO electrode, with its on/off state depending on the application of voltage. Due to the high electrical resistance of the LBL electrode, the response speed characteristics of the LCD device using the LBL electrode were slower than that of the LC display using the conventional ITO electrode. However, as the number of BLs increased, the threshold voltage and response time tended to be closer to that of the ITO electrode and the response speed became faster. These results demonstrated the potential of the LBL thin films as good alternatives to ITO films as transparent conducting electrodes for LCDs. The combination of simple processing and good optoelectronic performance should make SWNT LBL thin films very promising for future display applications. 
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